The syntheses and characterizations of six [Cu(N^N)(POP)][PF6] and [Cu(N^N)(xantphos)][PF6] compounds (POP = bis(2-(diphenylphosphino)phenyl)ether, xantphos = 4,5-bis(diphenylphosphino)-9,9dimethylxanthene ) in which N^N is a bpy ligand (1-Naphbpy, 2-Naphbpy, 1-Pyrbpy) bearing a sterically hindered 1-naphthyl, 2-naphthyl or 1-pyrenyl substituent in the 6-position are reported. Single-crystal structure determinations of five complexes confirm a distorted tetrahedral environment for copper(I) and a preference for the N^N ligand to be oriented with the sterically-demanding aryl group being remote from the (C6H4)2O unit of POP or the xanthene 'bowl' of xantphos. The angle between the ring planes of the bpy range from 5.8 to 26.0 o and this is associated with interactions between the aryl unit and the phenyl substituents of the P^P ligand. In solution at room temperature, the complexes undergo dynamic behaviour which has been investigated using variable temperature 2D NMR spectroscopy. The [Cu(N^N)(xantphos)] + complexes exist as a mixture of conformers which interconvert through inversion of the xanthene bowl-shaped unit; the preferencce for one conformer over the other is significantly changed on going from N^N = Phbpy to 1-Pyrbpy (Phbpy = 6-phenyl-2,2'-bipyridine). The electrochemical and photophysical properties of the [Cu(N^N)(POP)][PF6] and [Cu(N^N)(xantphos)][PF6] compounds are presented; the compounds are orange emitters but the introduction of the 1-naphthyl, 2-naphthyl or 1pyrenyl substituents result in poor photoluminescence quantum yields.
Introduction
In the last few years, there has been increased interest in harnessing the emissive properties of copper(I) complexes in low-cost, light-emitting electrochemical cells (LECs). 1, 2, 3 Building upon the pioneering work of McMillan and coworkers, 4, 5 [Cu(N^N)(POP)] + and [Cu(N^N)(xantphos)] + complexes (POP = bis(2-(diphenylphosphino)phenyl)ether, xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene, N^N is an N,N'-chelating ligand) are established as favoured components in the emissive layers in LECs 6, 7, 8, 9, 10, 11, 12, 13, 14 or organic light-emitting devices (OLEDs). 15, 16 Related complexes find application in oxygen sensing, 17 CO 2 reduction, 18 and water reduction. 19, 20 The N^N ligand in [Cu(N^N)(POP)] + and [Cu(N^N)(xantphos)] + is usually a 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) derivative, and the introduction of simple substituents into the 6-and 6'-positions of bpy or 2-and 9-positions of phen modulates the emission properties of the complexes. 4, 7, 8 We recently demonstrated the remarkable performance of [Cu(N^N)(POP)][PF 6 ] and [Cu(N^N)(xantphos)][PF 6 ] (N^N = 6-methyl-2,2'-bipyridine, 6-ethyl-2,2'-bipyridine or 6,6'-dimethyl-2,2'-bipyridine) in LECs. 8 However, achieving both high efficacy and long device lifetime remains challenging. A LEC with [Cu(Mebpy)(xantphos))][PF 6 ] in the emissive layer had a lifetime of >15 h and an efficacy of 1.9 cd A -1 . The latter increased to 3.0 cd A -1 on going to [Cu(Me 2 bpy)(xantphos)][PF 6 ], but the lifetime decreased to 1 h. Introducing an ethyl group in place of the 6-methyl substituent led to a significant increase in lifetime (>40 h) but at the expense of luminance. 8 Since POP and xantphos are both sterically demanding, there are significant constraints on the substituents that can be introduced into the 6-and 6'-positions of the bpy ligand. Ligand redistribution reactions which lead to the equilibrium mixtures of [Cu(N^N)(P^P)] + , [Cu(N^N) 2 ] + and [Cu(P^P) 2 ] + are a recognized problem. 21 Nevertheless, the tetrahedral copper(I) coordination sphere in [Cu(N^N)(POP)] + and [Cu(N^N)(xantphos)] + is able to accommodate a 6-phenyl-2,2'-bipyridine (Phbpy) ligand giving complexes which are stable in CH 2 Cl 2 solutions. 8 While both [Cu(Phbpy)(POP)] + and [Cu(Phbpy)(xantphos)] + exhibit poor photoluminescence quantum yields, 8 the compounds remain of interest from a structural viewpoint. In the solid-state, the orientation of the Phbpy ligand in [Cu(Phbpy)(POP)] + and [Cu(Phbpy)(xantphos)] + (Fig. 1a) is rotated ~180 o with respect to that in [Cu(Mebpy)(xantphos)] + (Fig.  1b ), [Cu(Etbpy)(POP)] + and [Cu(Etbpy)(xantphos)] + , and in solution two conformers of [Cu(xantphos)(Phbpy)] + exist with approximately equal populations. 8 These conformers are related by the inversion of the xanthene unit which has a 'bowl'-like structure (Fig. 1 ). We therefore decided to extend the investigation to larger aryl substituents to investigate the effect on solution dynamics and solid-state structure. The N^N ligands selected for the current study are shown in Scheme 1. 
Experimental
General. Microwave reactions were performed in a Biotage Initiator 8 reactor. 1 H, 13 C and 31 P NMR spectra were recorded using Bruker Avance III-400, 500 and 600 NMR spectrometers; spectra were recorded at ~295 K unless otherwise stated. 1 H and 13 C NMR chemical shifts were referenced to the residual solvent peaks with respect to δ(TMS) = 0 ppm and 31 6-Bromo-2,2'-bipyridine was prepared according to a literature procedure 22 or by the more convenient method described below. POP and xantphos were purchased from Fluorochem and SPhosPd G2 from Sigma-Aldrich.
[Cu(MeCN) 4 ][PF 6 ] was prepared by the published method. 23 6-Bromo-2,2'-bipyridine. 2,6-Dibromopyridine (1.27 g, 5.38 mmol) and [Pd(PPh 3 ) 4 ] (311 mg, 0.27 mmol) were placed in a 10-20 ml microwave vial. The vial was evacuated and refilled with N 2 three times before dry THF (5 ml) was added. N 2 was bubbled through the solution for 20 min before a solution of 2pyridylzinc bromide (0.5 M in THF, 14.0 ml, 7.00 mmol) was added and the vial was sealed. The reaction was performed in a microwave reactor (90 °C, 2.5 h). Saturated aqueous NaHCO 3 (30 ml) was added and the crude mixture was extracted with CH 2 Cl 2 (3 × 70 ml). The combined organic layers were washed with water (3 × 180 ml) and dried over MgSO 4 . The solvent was removed in vacuo and the crude material was purified by column chromatography (Alox 90, hexane : ethyl acetate 50 : 1) to give 6-bromo-2,2'-bipyridine (462 mg, 2.39 mmol, 44%) as a white powder. 1 H NMR spectroscopic data were consistent with the literature data 1 . ESI MS: m/z 234.7 [M + H] + (base peak, calc. 235.0).
6-(Naphthalen-1-yl)-2,2'-bipyridine
(1-Naphbpy). 6-(Naphthalen-1-yl)-2,2'-bipyridine was prepared based on methodoloy described in the literature. 24 A mixture of 6-bromo-2,2'-bipyridine (325 mg, 1.38 mmol), 1-naphthaleneboronic acid (261 mg, 1.51 mmol and SPhosPd G2 (49.7 mg, 0.07 mmol) in toluene (15 ml), EtOH (7 ml) and aqueous Cs 2 CO 3 (2 M, 1.5 ml) were heated at 80 °C under inert conditions for 23 h. The mixture was allowed to cool to room temperature before toluene (30 ml) was added. The organic layer was washed with water (3 × 50 ml) dried over MgSO 4 and filtered. The solvent was removed in vacuo and the product was purified by column chromatography (Alox 90, cyclohexane : ethyl acetate 25 : 1) to give 6-(naphthalen-1-yl)-2,2'-bipyridine (259 mg, 0.92 mmol, 67 %) as a white powder. 1 13 C NMR (126 MHz, DMSO-d 6 ) δ/ppm: 157.9 (C B6 ), 155.3 (C A2 ), 154.9 (C B2 ), 149.4 (C A6 ), 138.2 (C B4 ), 137.9 (C N1 ), 137.3 (C A4 ), 133.5 (C N4a ), 130.6 (C N8a ), 128.9 (C N4 ), 128.4 (C N5 ), 127.6 (C N2 ), 126.7 (C N7 ), 126.0 (C N6 ), 125.5 (C N3 ), 125.3 (C N8 ), 125.2 (C B5 ), 124.3 (C A5 ), 120.6 (C A3 ), 118.9 (C B3 ). MALDI-TOF MS: m/z 283.0 [M + H] + (base peak, calc. 283.1). Found: C 84.78, H 5.37, N 9.73; C 20 H 14 N 2 requires C 85.08, H 5.00, N 9.92%. 6-(Naphthalen-2-yl)-2,2'-bipyridine (2-Naphbpy). 6-(Naphthalen-2-yl)-2,2'-bipyridine was prepared using the same procedure as for 6-(naphthalen-1-yl)-2,2'-bipyridine but starting with 6-bromo-2,2'-bipyridine (350 mg, 1.49 mmol), 2naphthaleneboronic acid (282 mg, 1.64 mmol) and SPhosPd G2 (53.6 mg, 0.07 mmol) in toluene (15 ml), EtOH (7 ml) and aqueous Cs 2 CO 3 (2 M, 1.7 ml). 6-(Naphthalen-2-yl)-2,2'bipyridine (288 mg, 1.02 mmol, 69%) was isolated as a white powder. 1 H and 13 C NMR data were consistent with the literature data. 25 ESI MS: m/z 305.0 [M + Na] + (base peak, calc. 305.1). Found: C 84.73, H 5.48, N 10.11; C 20 H 14 N 2 requires C 85.08, H 5.00, N 9.92%. 6-(Pyrene-1-yl)-2,2'-bipyridine (1-Pyrbpy). 6-Bromo-2,2'bipyridine (1.50 g, 4.89 mmol), pyrene-1-boronic acid (1.32 g, 5.38 mmol) and Na 2 CO 3 (1.04 g, 9.78 mmol) were dissolved in toluene (200 ml) and water (50 ml). The mixture was degassed with N 2 for 50 min before [Pd(PPh 3 ) 4 ] (282 mg, 0.24 mmol) was added. The reaction mixture was heated at reflux for 69 h under rigorous exclusion of light. The reaction mixture was cooled to room temperature and the aqueous phase was separated. The organic layer was washed with water (50 ml), dried over MgSO 4 and evaporated to dryness. The crude product was purified by column chromatography (Alox 90, hexane : CH 2 Cl 2 4 : 1 to pure CH 2 Cl 2 , then Silica 60, toluene : ethyl acetate 10 : 1 to 5:1, then Alox 90, pure CH 2 Cl 2 , the Silica 60 pure CH 2 Cl 2 to CH 2 Cl 2 : ethyl acetate 10:1) to give 6-(pyrene-1-yl)-2,2'-bipyridine (1.25 g, 3.51 mmol, 72%) as a yellow powder. 1 (15 ml) . A solution of xantphos (148 mg, 0.25 mmol) and 1-Naphbpy (70.6 mg, 0.25 mmol) was added and the mixture turned red then yellow while it was stirred for 2 h at room temperature. The yellow solution was filtered and the solvent was removed from the filtrate. The solid material was washed with hexane (2 × 30 ml) and dried under vacuum. [Cu(1-Naphbpy)(xantphos)][PF 6 ] (251 mg, 0.24 mmol, 94%) was isolated as a yellow solid. 1 [Cu(2-Naphbpy)(POP)][PF 6 ] was prepared according to the procedure for [Cu(1-Naphbpy)(POP)][PF 6 ] using 2-Naphbpy (70.6 mg, 0.25 mmol) in place of 1-Naphbpy. [Cu(2-Naphbpy)(POP)][PF 6 ] was isolated as a yellow powder (251 mg, 0.24 mmol, 98%). 1 2 Hz, C C2 ), 124.0 (C A3 ), 123.0 (C B3 ), 120.6 (C C6 ). 31 13 13 
Results and discussion

Synthesis of N^N ligands and of the copper(I) complexes
The ligand 2-Naphbpy has previously been reported. 25, 30 However, we found that the palladium-catalysed coupling of 6bromo-2,2'-bipyridine with 2-naphthaleneboronic acid (using the second generation Suzuki-Miyaura precatalyst SPhosPd G2) was a more convenient synthetic strategy than the literature methods. An analogous procedure was used to prepare 2-Naphbpy and 1-Pyrbpy. Each ligand was characterized by 1 H and 13 31 The monodentate ligand in the three-coordinate intermediate is readily substituted by an N^N ligand such as bpy. 6 With the less sterically demanding ligand xantphos, the formation of a homoleptic bis-chelate complex [Cu(xantphos-P,P') 2 ] + is more likely. The optimized strategy for [Cu(N^N)(POP)][PF 6 ] complexes is sequential addition of 6 ] were isolated as yellow solids in yields of between 38 and 98%. The electrospray mass spectrum of each complex showed a peak corresponding to [M-PF 6 ] + with a characteristic isotope pattern. The presence of the [PF 6 ]counterion was confirmed by the appearance of a septet at δ -144.4 ppm in the 31 P NMR spectrum, in addition to the signals for the POP or xantphos ligands (see later). (3), P1-Cu1-N1 = 106.14 (7), P2-Cu1-N1 = 109.85 (7), P1-Cu1-N2 = 128.14 (7), P2-Cu1-N2 = 116.14 (7), N1-Cu1-N2 = 79.68(9) o . (Fig. 1b) ; in contrast, the 6phenyl substituent in [Cu(6-Phbpy)(xantphos)] + is remote from the xanthene 'bowl' (Fig. 1a ). 8 Each of the cations shown in Fig.  2-6 exhibits the same N^N ligand orientation with the sterically-demanding naphthyl or pyrenyl group positioned away from the (C 6 H 4 ) 2 O unit of POP or the xanthene 'bowl' of xantphos (Fig. 7a) . We return to this point in the NMR spectroscopic discussion. The interannular twist within the bpy unit varies significantly across the series of structures with the angle between the planes through the pyridine rings ranging from 5.8 to 26.0 o (Table 2 ). This twist is coupled with the orientation of the pendant aryl unit with respect to the phenyl substituents of the POP or xantphos ligand. In [Cu(1-Pyrbpy)(xantphos)] + and [Cu(2-Naphbpy)(xantphos)] + , one phenyl ring of each PPh 2 group engages in an edge-to-face interaction with the pyrenyl or naphthyl group (Fig. 7) . The closest CH...π contacts 32 (measured to the centroid of the closest C 6 ring) are 2.75 Å in [Cu(2-Naphbpy)(xantphos)] + and 2.45 and 2.58 Å in [Cu(1-Pyrbpy)(xantphos)] + . Each POP-containing complex exhibits face-to-face π-stacking between one arene ring of the (C 6 H 4 ) 2 O unit and one phenyl ring (Fig. 8 ). In [Cu(1-Naphbpy)(POP)] + (Fig. 8a) , this interaction is characterized by an angle between ring planes, centroid...centroid distance, and centroid...plane separation of 12.0 o , 3.56 Å and 3.53 Å. The angles between the ring planes in [Cu(1-Pyrbpy)(POP)] + and [Cu(2-Naphbpy)(POP)] + are, however, 26.0 and 23.4 o , respectively. This deviation from a coplanar orientation is associated with edge-to-face CH...π contacts involving the 6-substituted pyrenyl or naphthyl group (Fig. 8b and 8c ). Interestingly, intermolecular face-to-face π-contacts play an insignificant role in packing in the solid state. Pyrenyl-units of adjacent cations in [Cu(1-Pyrbpy)(POP)][PF 6 ] . 0.5Et 2 O . CH 2 Cl 2 approach closely ( Fig. 9 ), but the orientation of the two arene moieties is not optimal for efficient stacking. The angle between the least squares planes through the two pyrenyl units is 21.8 o and the centroid...centroid separation of the two closest C 6 -rings is 3.80 Å. See text discussion. The 6-substituted naphthyl or pyrenyl group is shown in red. 
Single crystal structures
NMR spectroscopy and dynamic behaviour of the [Cu(N^N)(P^P)][PF 6 ] complexes
Acetone-d 6 was chosen as the solvent for NMR spectroscopic studies because previous studies revealed that some [Cu(N^N)(P^P)] + complexes are prone to ligand dissociation in CD 2 Cl 2 after several days in solution. 8, 11 Fig. 10 H-31 P-HSQC (only for the complexes containing 1-Pyrbpy) spectra were measured at lower temperatures. Use of these 2D methods permitted full assignment of the 1 H and 13 C NMR spectra (see Experimental section) and atom labelling is given in Sche In the discussion below, we assume that dynamic behaviour arises from non-dissociative processes 8 6 ], one set of signals arising from the POPbackbone ring-C protons (correlating in the HMQC spectrum to one set of 13 C NMR signals) is observed at 298 K. This is consistent with the [Cu(2-Naphbpy)(POP)] + cation having C 2 symmetry. Each PPh 2 group of the POP ligand gives two sets of signals, one each for the phenyl rings (labelled Da and Db) pointing towards or away from the aryl group on the 6-position of the bpy. The conformational flexibility of the 8-membered chelate {CuPCCOCCP}-ring can exchange these positions as confirmed by exchange peaks (EXSY) in the ROESY spectrum between pairs H D2a/ H D2b ,H D3a/ H D3b H D4a/ H D4b (Fig. 11 ). Low temperature 13 6 ]. Two sets of signals for the C rings of the POP-backbone are observed (labelled Ca and Cb, see Experimental Section) along with four sets of signals for the Pbonded phenyl rings (labelled Da, Db, Dc and Dd). The ROESY spectrum (at 253 K) is shown in Fig. S1 †, and 6 ]. The spectra at 238 K (N^N = 1-Pyrbpy) or 223 K (N^N = 1-Naphbpy) were fully assigned using 2D methods (see Experimental Section). Although xantphos is more rigid than POP, the xanthene 'bowl' may undergo inversion. 33 We previously reported that in solution, [Cu(Phbpy)(xantphos)] + (Phbpy = 6-phenyl-2,2'bipyridine) exists as two conformers which are related by the inversion of the xanthene 'bowl' (Fig. 1c) . The relative population of the conformers of [Cu(Phbpy)(xantphos)] + in CD 2 Cl 2 was ~1.0 : 0.9, and the calculated energy difference was 3.57 kcal mol -1 . The characteristic 1 H NMR signal distinguishing the two conformers is that for H A6 (see Scheme 2 and Fig. 1c for labelling) which appeared at δ 8.42 ppm in one conformer and δ 6.35 ppm in the other. 8 S2 †) confirmed an exchange process. As we discussed in detail 8 for [Cu(Phbpy)(xantphos)] + , the methyl region of the 1 H NMR spectrum is very informative. The boat conformation ( Fig. 4 and 6) 8,34 of the xanthene unit forces one methyl group to be in the plane of the xantphos ligand backbone, whereas the second methyl is out-of-plane. This is clear in the projection of the [Cu(1-Pyrbpy)(xantphos)] + cation in Fig. 7 . Interconversion of the conformers (Fig. 1c) 35 For each compound, reduction processes within the solvent accessible window were very poorly defined. 6 ] (P^P = POP or xantphos), a broad absorption of low intensity appears at ~390 nm arising from metal-to-ligand charge transfer (MLCT). For the complexes containing 1-Pyrbpy (dotted curves in Fig. 14) , the profile of the bands between 225 and ~335 nm reflects that of the absorption spectrum of the free 1-Pyrbpy ligand (Fig. S3 †) which is turn is similar to, but broader than, that of pyrene. We assign the broad absorption around 350 nm to a charge-transfer from the pyrenyl to bpy unit. 36, 37 Dichloromethane solutions of the [Cu(N^N)(P^P)][PF 6 ] complexes were poorly emissive. Emission data for powder samples are given in Table 4 . The complexes are all orange emitters with values of λ max em in the range 582 to 617 nm. The emission spectra of the complexes containing 1-Naphby and 2-Naphbpy are shown in Fig. 15 . Photoluminescence quantum yileds (PLQY) were <6% and the emission lifetimes (τ 1/2 ) were all ~ 2 µs ( a Biexponential fit using the equation τ1/2(av) = ∑Aiτi/∑Ai where Ai is the pre-exponential factor for the lifetime. b Not measured.
Conclusions
We have prepared a series of [Cu(N^N)(POP)][PF 6 ] and [Cu(N^N)(xantphos)][PF 6 ] compounds in which N^N is a bpy ligand bearing a sterically hindered 1-naphthyl, 2-naphthyl or 1-pyrenyl substituent in the 6-position. Crystallographic data confirm that the copper(I) centre is in a distorted tetrahedral environment, and the N^N ligand is oriented with the stericallydemanding aryl substituent positioned away from the (C 6 H 4 ) 2 O unit of POP or the xanthene 'bowl' of xantphos. Each POPcontaining complex exhibits face-to-face π-stacking between one arene ring of the (C 6 H 4 ) 2 O unit and one phenyl ring of a PPh 2 unit. Despite the extended π-systems, intermolecular faceto-face π-contacts do not play a dominant role in the packing of the compounds in the solid state. In solution, the complexes undergo dynamic behaviour, and the 1 H NMR signals from the POP and xantphos ligands are broad to very broad at 298 K. At low temperatures, the phenyl rings in each PPh 2 group in the POP-containing compounds gives two sets of signals (pointing towards or away from the 6substituted aryl group on the bpy) but exchange associated with the conformationally flexible 8-membered chelate {CuPCCOCCP}-ring occurs at higher temperatures; this was confirmed using EXSY exchange spectroscopy. In acetone solution, the [Cu(N^N)(xantphos)] + complexes exist as a mixture of conformers which interconvert through inversion of the xanthene 'bowl' (Fig. 1) . Proton H A6 resides in very different magnetic environments in the two conformers, and the ratio of conformers in [Cu(1-Pyrbpy)(xantphos)][PF 6 ] is ~0.05 : 1.0. This compares to almost equal populations for the analogous conformers of [Cu(Phbpy)(xantphos)] + , demonstrating the significant steric influences of going from a phenyl to 1-pyrenyl 6-substituent.
Consistent with the trends previously observed on going from 6-alkyl to 6-phenyl substituents in the bpy ligand in [Cu(N^N)(POP)] + and [Cu(N^N)(xantphos)] + complexes, 8 the introduction of the 1-Naphthyl or 2-Naphthyl substituents result in poor PLQY values. In the case of the 1-Pyrbpy ligand, a low lying triplet state may be responsible for quenching the MLCT emission.
